We present a new approach of beam homogenizing elements based on a statistical array of concave cylindrical microlens arrays. Those elements are used to diffuse light in only one direction and can be employed together with fly's eye condensers to generate a uniform flat top line for high power coherent light sources. Conception, fabrication and characterization for such 1D diffusers are presented in this paper.
Introduction
Laser lines with a uniform intensity profile have many applications. An example would be the use of a high power excimer laser for amorphous silicon annealing for the fabrication of TFT's [1] . To obtain a maximum in throughput and uniformity it is desirable to have a line with a uniform profile. A possible concept to generate the necessary flat-top profile uses multi-aperture elements followed by a lens to recombine separated beamlets [2] . Advantages of this concept are the independence from entrance intensity profile and achromaticity.
However, the periodic structure and the overlapping of beamlets produce interference effects especially when highly coherent light is used. Random optical elements that diffuse only in one direction reduce the contrast of the interference pattern [3] . Losses due to undesired diffusion in large angles have to be minimized to maintain a good quality and high efficiency of beam shaping. For high power applications it is interesting to have concave structures that avoid the formation of undesired hot spots.
There are different fabrication methods for diffusers proposed in literature. They can be divided into two groups: etching of ground glass to obtain 2D diffusers only [8] and "engineered" diffusers that allow also to fabricate 1D diffusers. The engineered diffusers are in general based on holographic [10] or photofabricated [7, 9] structures.
In this paper we propose a fabrication method that offers similar degrees of freedom as the engineered diffusers combined with the limited fabrication complexity offered by etching of ground glass. We propose a fabrication process to obtain statistical arrays of concave cylinder micro structures in fused silica that diffuse light only in one direction. For simplicity the concave microstructures are called lenses even though they do not fulfill the requirements for diffraction limited lenses. The fabrication process is based on deep isotropic etching of fused silica in hydrofluoric acid (HF). We propose design rules and fabrication parameters and show their influence on the optical properties of the device. A model for the etch process is proposed that allows to predict the properties of the final device. The devices are characterized with a custom made high precision photogoniometer. More applied characterizations were performed at the Bayerisches Laserzentrum GmbH (blz) Erlangen with an excimer laser.
Fabrication process
The fabrication is based on isotropic etching of fused silica in non diluted hydrofluoric acid (HF) 49% at room temperature [4, 5] . The observed etch rate lies around 1m/min which corresponds to literature values [5] . Wet etching with unbuffered HF is notoriously irreproducible as far as etch rate goes. It depends on many factors such as temperature, age of the solution, number of wafers already etched etc. Test patterns on the etch mask were implemented to insure that the etch depth and thus the ROC can be guaranteed even with varying etch rates. For the linear diffusers uniformity over the wafer is not an issue. The surface quality of the etched structures is very good and reproducible.
To avoid issues with the wet etch reproducibility it is possible to use a wet etched diffuser with the desired parameters as a master and reproduce it then by a transfer process. Such replication processes are well established and allow a very good reproducibility.
The circular cross section of the cylinder lenses is achieved by isotropic etching trough a slit aperture in an etch stop mask. The etch mask is a layer of 600 nm low pressure chemical vapor deposited (LPCVD) poly-Silicon (p-Si). P-Si is an ideal hard mask due to its good adhesion to fused silica, negligible etch rate in HF and more important its hydrophobic surface. This reduces the risk of surface pinholes. To further minimize pinholes the layer is deposited in three steps of 200nm. The mask is patterned by photolithography and reactive ion etching (RIE). Pinholes in the back side poly-Si mask remain a problem since the etch times can be very long (up to 24h). This issue is solved by spinning an additional protective layer of ProTEK A-2 HF protection resist from Brewer Science on the back side. Double-side polished 4" Fused Silica (Schott Lithosil Q1) wafers with a thickness of 2mm were used as a substrate. During the etch process the mask gets completely under etched and falls off resulting in a 100% fill factor (see Fig. 1 ). This is quite important since it makes sure that there are no flat regions at the top of the structures which would result in specular transmission of the light and thus an undesired intensity peak in the center of the angular spectrum (zero order). Once the etch mask has fallen off, the etch process is continued without the mask to achieve the desired radius of curvature (ROC) of the concave lenses. The maximum etch depth achieved, which is equivalent to the ROC, was 1600m. To improve the wetting in the HF bath the wafer is first put 5min in a mixture of a few drops of the detergent Extran® (from Merck) in DI water. A perfectly isotropic etch process can be modeled by two circles propagating into the material from the edges of the opening provided by the etch stop. The two circles are joined at the bottom by a flat zone with the dimensions of the etch aperture (see Fig. 2 ). Since flat zones at the bottom of the lens result in undesired specular transmission it is important to keep the etch opening relatively small compared to the lens width. Etch openings of 1m have proved to be a good compromise for an average lens width of 100-200m. They can still be structured by standard photolithography and RIE, they result in basically no zero order and the whetting in HF is still good especially when enhanced with Extran. As visualized in Fig. 2 under etching leads to fall off of the etch mask when the distance between neighbored etch openings gets equal to the etch depth. Further etching leads to larger radius of curvature without changing position or distance of each element (Fig. 2 D) .
The above mentioned fabrication process can of course also be used to fabricate spherical lens arrays and 2D diffusers. The main difference to the fabrication of a linear diffuser is that the slit opening in the mask is replaced by a circular hole. The result is a concave spherical lens array with a fill factor of 100% (see Fig. 3 ) regardless of the arrangement of the lens array (square, hexagonal, random, etc.). It suffices to etch long enough until the poly-Si mask is completely under etched and all the lenses touch each other. Since the accessible surface for circular openings is much smaller than for slit openings, whetting, etchant transport and as a consequence uniformity are a much bigger issue for spherical than for cylindrical structures. As a consequence of this the etch openings used in literature [11] are much bigger at the cost of a less valid spherical shape.
Simulation and design guidelines
In order to develop a certain set of design guidelines for 1D diffusers we used a closed simulation, fabrication, characterization and optimization loop. The fabrication process model allowing to generate realistic profiles of the diffuser with a given set of fabrication and design parameters is based on the assumption of a perfectly isotropic etch process as described above and implemented in Matlab. A typical set of design parameters contains dimension of the chip, average lens width, width variation and the size of the etch opening. For the individual lens width we use a Gaussian normal distribution around a certain mean value and the variation is given as the standard deviation. There is no constraint on the upper or lower limit of the lens width.
The relevant fabrication parameters are the etch rate and etch time resulting in the etch depth which in turn is equivalent to the ROC of the lens. First the positions of the mask openings are defined according to the design parameters. The lens array profile is traced by placing circles at the edges of the mask openings and adding the flat parts where needed (see Fig. 2 ). The generated profile is then fed into the optical simulation tool. For the optical simulation we used coherent Gaussian ray tracing (FRED from Photon Engineering) as well as a physical optics model where the far field intensity distribution is given by the Fourier transform of the lens array's phase profile. For the physical optics model we used Frauhenhofer approximation. The device profile y obtained by the mentioned fabrication model is used to calculate the phase profile with Eq. (1).
( 1 ) The far field intensity is then calculated by taking the Fourier transform of the phase profile. The use of a plane wave approximation is justified since we actually cut the gauss (the raw beam has a diameter of about 30mm, we only use about 8mm). The physical optics simulation resulted in an intensity distribution showing a clearly visible specular transmission peak and the diffusion angle is somewhat larger than the measured values of a real device. Best results where obtained with FRED where the simulated intensity is fairly close to the measured value at the cost of somewhat more time consuming simulation. Figure 4 shows a photo of a section of the intensity pattern generated by a 1D diffuser. The very rapid intensity variations are clearly visible. Figure 5 shows a section of the simulation with FRED for a device with the same parameters. Clearly visible in Fig. 4 and 5 are the irregular interference pattern in both images due to statistical distributions of phases and speckles. Figure 6 shows the complete simulated intensity distribution as a function of diffusion angle with a sample frequency of 0.01°. The diffuser parameters are 200m mean lens width, 40m variation and 1500m ROC. In order to evaluate the FWHM diffusion angle and to filter out the non periodic intensity variation we calculate the envelope by convolution with a boxcar function of 100 samples. The simulation indicates that the diffusion angle is given by the ratio lens width over radius of curvature. The smaller this ratio, the smaller is the diffusion angle. There seems to be an upper limit for the diffusion angle of 30° FWHM. The lower limit of the diffusion angle is given by the maximum obtainable lens radius which is defined by technology and by the thickness of the substrate. For a substrate thickness of 2mm the maximum achievable ROC is about 1500m. According to simulation this should result in approximately 1° FWHM diffusion angle for lenses with 100m mean width. As a rough design guideline it is also possible to use the average numerical aperture to calculate the expected diffusion FWHM angle (Fig. 7) . The following formula Eq. (2) gives the diffusion angle as a function of average lens width D, refractive index n and ROC: 
Inspection and characterization
The surface profile of the fabricated devices was measured with a stylus alpha-step profilometer (KLA Tencor Alpha-Step IQ Surface Profiler). Figure 8 shows surface profiles for two devices with the same average lens width but with different variations. The left profile shows a standard deviation of 20m and the right one a standard deviation of 40m. As is to be expected the profile with the larger standard deviation is more irregular than the one with the smaller standard deviation. We also used a Mach-Zehnder interferometer to get some information about the surface topography and the form of the lens elements. Figure 9 shows the unwrapped phase of a linear diffuser. Both stylus profilometer Mach-Zehnder interferometry confirmed the isotropic etch model we used above to calculate the profile of the cylindrical lenses (Fig. 10) . The optical properties were measured with a custom made photogoniometer with a particular high angular resolution (<0.01°). The measurement system is based on a rotating platform with the laser source, the diffuser sample and a photodetector mounted at a distance of 2m (see Fig. 11 ). Laser and sample are rotated and the detector has a fixed position. This configuration allows for a high angular resolution at a reasonable mechanical complexity compared with the classical setup where the detector is mounted on an arm that is rotating around the sample. In front of the detector we mounted a pinhole of 0.2mm width to assure that the detector is not introducing any smoothing of the measured intensity. As a source a monomode HeNe laser at 633nm is used. The beam diameter is expanded to about 8mm which means that on average 40 lenses (for 200m lens width) respectively 80 lenses (for 100m lens width) are illuminated.
Angular intensity distributions are shown in Fig. 12-15 for different 1D diffusers. The measurement curve which shows strong non periodic variations (speckles) is superposed with the envelope to simplify the analysis of FWHM angles and the envelope of the simulation of the same device (dashed line). The envelopes are obtained by a linear weighted least square regression of the measured or simulated data. Figure 12 shows the intensity profile for a sample with a mean lens width of 100µm, a standard deviation of 20µm and a radius of curvature (ROC) of 1550µm. The FWHM diffusion angle is 1°. For the same diffuser parameter but with a ROC of 300µm the FWHM angle is 10° (Fig. 13) . Fig. 11 . Schematics of the photogoniometer setup. The Laser source together with a beam expander (A) and the sample (B) is mounted on a rotating table. The photodetector with a pinhole (C) is mounted fix at a distance of 2m.
The measurements confirm that the FWHM angle depends on the ratio of mean lens width over ROC. The steepness of the intensity profile's flanks is influenced by the variation of the lens width. A larger standard deviation leads to a less steep flank ( Fig. 14 and 15) .
The comparison of measured with simulated values show that for lenses with a large ROC the simulation result in a slightly larger FWHM diffusion angle whereas for small ROC the simulated FWHM diffusion angle is slightly smaller than the measured value.
The goniophotometer measurements with a monomode laser source showed that the linear diffuser generate a non periodic far field intensity distribution that was also observed by Wippermann et al [6] for chirped fly's eye condenser based beam homogenizers.
Efficiency measurements showed a transmission efficiency of roughly 92% regardless of diffusion angle and polarization. This is equivalent to the expected transmission efficiency of an uncoated fused silica slide and shows that the diffusing structure do not influence the efficiency. A simple anti-reflection coating for the desired wavelength could increase the efficiency even further. 
Application
The homogenizing performance of the fabricated linear diffusers was also evaluated with an Excimer laser at the blz in Erlangen, Germany. 10 pulses of 28ns pulse width were applied to a PMMA sample slide. The traces were then inspected with a polarizing optical microscope equipped with Nomarski prism and used in differential interference contrast. This gives a good qualitative impression of the homogeneity of the beam profile.
The laser was a Coherent-Laser ExciStar M-100 ArF Excimer laser at 193 nm with a mean power of up to 12 W, a pulse energy of 120 mJ and a pulse width of 28 ns. The beam dimensions at the exit were 4 mm × 15 mm and the beam divergence 1 mrad × 3 mrad. The setup was composed of a fly's eye condenser based flat top element from SUSS MicroOptics, the random linear diffuser, a field lens and the PMMA slide which serves as target (see Fig.  16 ). Figure 17 shows the trace left in the PMMA sample if only the flat top element is used without any linear diffuser. We clearly see the regular diffraction pattern generated by this micro optical element. If we add the linear diffuser after the flat top element (Fig. 18) we see that everything gets smeared out resulting in a smooth profile. 
Conclusion and outlook
In this paper we discussed fabrication, characterization and use of linear diffuser elements based on statistical arrays of concave cylindrical lenses. The linear diffuser allows homogenizing a laser beam in one direction. The choice of fused silica as a material and concave lens structures allow the use of the diffuser in high power laser applications. The diffusion angle depends mainly on the ratio mean lens width over lens ROC. The maximum FWHM angle lies at about 30° and the minimum is limited by the substrate thickness. The linear diffuser composed of a statistical cylindrical lens array generates a non periodic far field intensity distribution without specular transmission peak (zero order). This allows homogenizing the equidistant intensity peaks generated by a fly's eye condenser based flat top element under coherent laser illumination. A larger range of statistics (type of distribution as well as variation) is currently under investigation to allow a more systematic comparison and study of the influence on the shape of the diffused intensity.
